Introduction
Tissue stem/progenitors of an epithelial organ continuously supply multiple types of epithelial cells to support organogenesis, cellular turnover, and regeneration throughout life. In skin and intestine, tissue stem cells are genetically labeled and proved to continuously supply all cell lineages in both cellular turnover and tissue regeneration. 1, 2 The liver performs important physiological functions including metabolic reactions, energy storage, serum protein production, bile secretion, and defense against pathogenic infections. The functional abnormalities of the liver directly threaten life. Therefore, liver functions are properly established during development and maintained throughout life. Moreover, they are quickly recovered when the mass of tissue is damaged or lost. Thus, it is important to understand how hepatocytes and cholangiocytes are supplied during development, and in normal and injured adult livers. During liver organogenesis, hepatoblasts, which are fetal LPCs, proliferate and differentiate into hepatocytes and cholangiocytes. Adult LPCs are shown to exist in normal liver based on expression of surface markers including epithelial cell adhesion molecule (EpCAM), 3 CD13, and CD133. 4 However, their roles in cellular turnover are still controversial because self-duplication of hepatocytes and cholangiocytes is likely the major mechanism to maintain homeostasis. Even when a partial loss of liver tissue occurs, it is promptly compensated by duplication of hepatocytes and/or cholangiocytes. It is well known that after 70% liver tissue resection (PHx) in rodents and acute damages induced by hepatotoxins, such as carbon tetrachloride and acetaminophen, the liver mass returns nearly to the original size within a week. 5 Moreover, a recent finding indicates that hypertrophy and proliferation of hepatocytes are well coordinated to restore liver functions efficiently. 6 In contrast to acute liver injury, LPCs are implicated in liver regeneration when proliferative capabilities of hepatocytes and/or cholangiocytes are abrogated. 7, 8 The response to severe injuries, known as "ductular reactions" (DRs), is associated with activation and expansion of LPCs, which eventually differentiate to mature hepatocytes (MHs) or cholangiocytes to repair damaged tissues. In addition to self-duplication and differentiation from LPCs, the lineage conversion between hepatocytes and cholangiocytes is implicated in liver regeneration. 7 In particular, cholangiocytes derived from hepatocytes have been recognized in injured livers associated with DRs. 9, 10 In this review, we summarize recent works about LPCs in developing and adult livers as well as those about lineage conversion to illustrate how multiple ways of epithelial cell supplies contribute to establishing, maintaining, and regenerating liver tissues.
LPCs in Developing Liver

Fetal liver
In early liver organogenesis, the foregut endoderm develops into the liver bud by FGFs and BMPs secreted from the cardiac mesoderm.
11 "Hepatoblasts" forming the liver bud actively proliferate and differentiate to hepatocytes and cholangiocytes. Isolation of hepatoblasts from fetal livers based on specific surface antigens accelerated our understanding about liver organogenesis at the molecular level. We previously established a method to isolate hepatoblasts from E14.5 mouse livers by identifying delta-like 1 (Dlk-1) as a specific marker. 12 + cholangiocytes in a clonal way and are engrafted in congeneric recipient livers as hepatocytes and cholangiocytes. In vivo, in mid gestation, hepatoblasts are committed to cholangiocytes in the periportal area and hepatocytes in the parenchymal region ( Fig. 1A and B) . 17, 18 A small number of hepatoblasts may remain in early postnatal mouse livers, which eventually differentiate into hepatocytes around weaning. We found that colony-forming cells abundantly exist in the parenchymal region of mouse livers by 4 wk after birth. In particular, we could isolate self-renewable progenitors from 1-wk-old (W) mouse livers though they were committed to the hepatocyte lineage (our unpublished data).
Developing liver (perinatal stage) Hepatoblasts around the portal vein are committed to cholangiocytes by activation of Notch and TGFβ signals and form ductal plates, the primitive structure of bile ducts. [19] [20] [21] [22] Those "immature" cholangiocytes readily express cholangiocyte markers including Sry box containing gene 9 (Sox9), osteopontin (OPN), and EpCAM. 23 When cholangiocytes in the ductal plate were labeled around E15 in Sox9-CreERT2 knock-in mice by peritoneal injection of tamoxifen to the pregnant mouse, they differentiated to ductular cholangiocytes, the canal of Hering, and periportal hepatocytes. 24 This result indicates that cholangiocytes that form the ductal plate succeed to bidirectional differentiation potential from hepatoblasts. In contrast to the embryonic ductal plate, it is unknown whether late fetal and neonatal cholangiocytes function as LPCs. We isolated EpCAM + cholangiocytes from livers between E17.5 and 8W and examined their clonal proliferation and differentiation potential using a colony assay. Between E17.5 and 2W after birth, about 1-2% of EpCAM + cells clonally proliferated and showed bidirectional differentiation capability, demonstrated by the formation of colonies that contained albumin + hepatocytes and CK19 + cholangiocytes. In particular, a portion of the 1W EpCAM + cells showed self-renewable capability and successfully engrafted as hepatocytes and cholangiocytes in recipient livers of nude mice when transplanted through the spleen (our unpublished data). Although it is unknown whether neonatal cholangiocytes supply hepatocytes in vivo similar to fetal ones, cholangiocytes likely possess potential to function as LPCs at least by the neonatal period (Fig. 1C) . 
EpCAM
+ cholangiocytes gradually lose the ability to form bipotential colonies in vitro beyond 2W. Similarly, the number of bipotential LPCs in the biliary tree enriched in the CD13 + CD49f + CD133 + fraction gradually decrease during postnatal development. 4 We found that neonatal, but not adult, EpCAM + cells differentiated into hepatocytes in vitro in the presence of oncostatin M and Matrigel ® . 25 By comparing neonatal and adult cholangiocytes, we found that transcription factors related to cholangiocyte differentiation, including hairy enhancer of slit 1 (Hes1), Sox9, hes-related family bHLH transcription factor with YRPW motif 1 (Hey1), and grainyhead-like 2 (Grhl2), were expressed at higher levels in adult cholangiocytes than in neonatal ones. In particular, Grhl2, which we identified as a transcription factor promoting epithelial integrity of cholangiocytes, 26 was further downregulated in neonatal cells during hepatocyte differentiation. Its expression was maintained consistently in adult cholangiocytes during the culture. We further found that Grhl2 inhibited expression of HNF4α and C/EBPα, both essential factors for hepatocyte differentiation. These results indicate that most of the EpCAM + cells lose bipotency during differentiation into mature epithelial cells ( Fig. 1C and D) . 25 
Residential Stem Cell in an Adult Liver: Heterogeneity of the Biliary Cells
As we mentioned above, the number of LPCs is very limited in mouse normal adult livers. Nevertheless, recent studies using fluorescence-activated cell sorting (FACS) to prospectively isolate cells positive for cholangiocyte markers 3, 4 and using genetic lineage tracing 27, 28 suggest that LPCs exist in normal adult liver. Such results raise two possibilities: 1) a specific cell population expressing cholangiocyte markers, whose tissue localization is distinctive to cholangiocytes, exists as LPCs and 2) cholangiocytes are a heterogeneous population and some cells possess LPC properties. We further discuss these possibilities in the next section.
The canal of Hering
The canal of Hering is a boundary structure connecting biliary tree and hepatic cords (Fig. 1D) 3 The cells clonally proliferate and differentiate into hepatocytes or cholangiocytes depending on culture conditions. They are engrafted as MHs in recipient livers upon transplantation. When bile ducts and the canal of Hering were labeled with YFP or LacZ in Sox9-CreERT2:ROSA mice, LacZ-labeled hepatocytes appeared near the portal vein and expanded along the portal to centrilobular axis, which strongly supported "streaming model." 27 However, this result has been argued by the following reports. Malato et al. labeled hepatocytes by injecting adeno-associated virus 8 (AAV8)-Cre to ROSA-YFP mice. 29 Because no YFP -MHs cells were found even at 24 wk after virus injection, they concluded that cellular turnover of MHs mostly relies on their selfduplication. When cholangiocytes and the canal of Hering were eternally labeled using OPN-CreERT2:ROSA-YFP, without any injury, YFP + MHs did not emerge even at 5 mo after labeling. 30 Although it is possible that Sox9 but not OPN is expressed in "residential LPCs," it is still ambiguous whether LPCs positive for cholangiocyte markers continuously supply hepatocytes in normal cellular turnover.
Heterogeneity of cholangiocytes
Several groups have identified morphological and functional heterogeneity of intrahepatic bile ducts in rats and mice. [31] [32] [33] Large and small ducts consist of relatively large and small cholangiocytes, respectively. Large cholangiocytes were considered to be more "mature" and "functional" with expression of transporters, such as cystic fibrosis transmembrane conductance regulator (CFTR) and anion exchanger 2 (AE2) and respond against secretin, whereas small cholangiocytes were relatively immature cholangiocytes. We recently found that EpCAM + cholangiocytes were divided into two different cellular fractions after digesting liver tissue with conventional two-step collagenase perfusion. The biliary tree associated with connective tissue, which corresponds to Glisson's capsule, was obtained as undigested tissue, from which ductular cholangiocytes were isolated as EpCAM + cells after further collagenase/hyaluronidase treatment. We named them "biliary tree EpCAM + cells (BT-EpCAM + cells)." In addition, EpCAM + cells were also isolated from the cell suspension liberated from liver tissue only by collagenase perfusion. Because the latter fraction contained "non-parenchymal cells (NPC)" cells such as stellate, Kupffer, and sinusoidal endothelial cells, we named them "NPC-EpCAM + cells." We considered that NPC-EpCAM + cells may be isolated from small terminal ductules because they are unlikely to be strongly associated with connective tissue. Interestingly, in adult liver, colony-forming cells were found more frequently in the NPC-EpCAM + fraction (our unpublished data). Although we have not examined such NPC-EpCAM + cells and BT-EpCAM + cells are identical to small and large cholangiocytes, our results support the idea that cholangiocytes are a heterogeneous cell population in terms of proliferation and differentiation potential.
34
Peribiliary glands
Extrahepatic bile ducts (EHBDs) are composed of hepatic, cystic, pancreatic, and common ducts. In developmental periods, cells in EHBDs are competent to stimulation inducing a pancreatic fate. Notably, EHBDs were replaced with ectopic pancreatic tissues in Hes1-KO mice, indicating that the Notch pathway inhibits pancreatic fate for normal development of EHBDs. 35 Recent reports focused on glandular structures (peribiliary glands; PBGs) along EHBDs and have suggested that PBGs contain multipotent stem cells.
36 Surprisingly, these studies demonstrated that PBGs express markers related to early pancreatic differentiation, such as Pdx1, and genes related to pluripotency, such as Sox2 and Oct4. Human PBG cells differentiate into hepatocytes, cholangiocytes, and pancreatic cells including β-cells in defined culture conditions and successfully engraft as hepatic and pancreatic cells in immunodeficient mice. 37 LPCs in PBGs expand in culture but have not been prospectively isolated from other EHBD cells. Although these cells may be an attractive source for cell or islet transplantation to relieve diabetes, their function in liver homeostasis is unclear. By identifying specific markers for progenitors in PBGs, physiological significance of putative LPCs that reside in PBGs can be further examined by prospective isolation and genetic lineage tracing.
Committed progenitors for hepatocytes
The limited contribution of residential LPCs in cellular turnover in normal livers indicates that self-duplication of MHs rather than differentiation of LPCs would be a major mechanism supplying new hepatocytes. However, it remains unknown whether hepatocytes are a homogenous cell population in terms of the ability to produce new hepatocytes. In rats and humans, committed progenitors for hepatocytes called small hepatocytes were found and their characteristics have been reported, 38, 39 though it remains unknown if similar cells exist in mouse livers. We isolated relatively small hepatocytes from mouse livers between 1W and 8W and examined their clonal proliferation and differentiation using a colony assay. Although the frequency of colony formation was remarkably reduced by weaning, some colonies emerged from hepatocytes isolated from aged livers, suggesting that a portion of the hepatocytes maintain strong proliferative capability (our unpublished data) (Fig. 1D) . Although more experiments are required to conclude that the cells are similar to rat and human small hepatocytes, some of the mouse hepatocytes, which possess potential to continuously supply new hepatocytes, may work in turnover of MHs in normal liver.
Stem Cells in Injured Livers
In contrast to normal cellular turnover and recovery from acute liver failures, proliferative capability of MHs and/or cholangiocytes is inhibited or impaired in chronically injured livers because of the continuous loss of cells and fibrotic environment. In such cases, DRs associated with expansion of small progenitor-like cells are induced in the periportal region. 40 These progenitor-like cells present in DRs are called "oval cells," which are named after their ovoid nuclei, 41 or "atypical hepatocytes" 42 or "hepatobiliary cells," whose names are derived from co-expression of both hepatocyte and cholangiocyte markers. 43 In the most studied experimental model inducing "oval cells," rats are administered with 2-acethylaminofluorene (2-AAF) that suppresses hepatocyte proliferation, and then 70% PHx is performed. 44 Histological analysis demonstrated that expanding ductular structures contained heterogeneous cell populations and therefore, may contain LPCs and transitional cells (intermediate cells) that are on the way to differentiate into hepatocytes or cholangiocytes. 45, 46 Pulse-labeling with 3 H-thymidine and histological analysis demonstrated that oval cells differentiated into MHs through small basophilic hepatocytes. 44 We previously demonstrated that the boundary of expanding ductular structures and hepatic cord contain oval cells that express Dlk-1, a marker of hepatoblasts and possibly a marker of intermediate cells differentiating into MHs. 47 In the rat 2AAF/ PHx model, several reports suggest that the origin of oval cells is cholangiocytes. Petersen et al. demonstrated that pretreatment of 4,4'-Methylenedianiline (4,4'-diaminodiphenylmethane: DAPM), a cholangiocyte specific toxin, blocked the appearance of oval cells. 48 In addition, the paucity of oval cells in the 2AAF/ allyl alcohol protocol indicated that the canal of Hering may be more important than the rest of biliary tree because it could be predominantly affected by the loss of periportal hepatocytes caused by allyl alcohol. 49 The 2AAF/PHx protocol does not induce ductular reactions associated with LPC expansion in mice. Alternatively, administration of a chemical called dipin 50 and feeding mice with 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-diet 51 or choline-deficient diet with ethionine supplementation (CED) 52 have been used to induce DRs. Recently, LPCs in the DDC-feeding model were isolated based on expression of surface antigens, including CD133, 53 EpCAM, 3 and CD24. 54 In these studies, isolated LPCs clonally proliferated and differentiated into hepatocytes and cholangiocytes in vitro and in vivo. Genetic lineage tracings using two different lines of Sox9-CreERT2 knock-in mice showed that the biliary tree including the canal of Hering supply "ductular cells," which eventually differentiate to MHs. 27, 28 However, these results were confounded by the following reports using OPN-CreERT2 30 30 The authors suggested a possibility that the fate of LPCs in DDC and CDE models attribute to differential association with the ECM layer; LPCs are completely surrounded by ECM layers in DDC-injured livers but not in CDE-injured ones. Boulter et al. demonstrated that hepatocytic differentiation was promoted in the CDE model by Wnt3a secreted from macrophages that engulfed debris of damaged hepatocytes, whereas macrophages could not access LPCs in DDC-injured livers that are completely surrounded by a thick ECM layer. 55 Alternatively, it can be assumed that accumulation of bile juice in the DDC-model may promote cholangiocyte differentiation of LPCs, whereas severe damage on MHs in CDE-injured livers may induce their hepatocytic differentiation.
As described above, LPCs are expanded in severely damaged livers. In contrast to the idea that residential LPCs expand or produce transit-amplifying cells, it is considered that LPCs are absent in normal situations; instead, the cells that are activated and contribute to liver regeneration are called "facultative stem + cells are limited in number. These results support the idea that a portion of the cholangiocytes or the canal of Hering is induced to become "facultative" LPCs expressing Trop2, Foxl1, or Lgr5 upon chronic liver injuries.
Lineage Conversion
In addition to self-duplication and involvement of LPCs, the lineage conversion between MHs and cholangiocytes is the third possible way of supplying liver epithelial cells. Analyses of human cholestatic, biliary obstructive or biliary autoimmune diseases have shown that hepatocytes around the portal veins express genes that are normally specific to cholangiocytes. 59 In addition, biliary transcription factors are expressed in human hepatocytes in chronic biliary diseases. 60 Dipeptidyl peptidase IV (DPPIV) --rats reconstituted with DPPIV + hepatocytes, in which only donor-derived hepatocytes are DPPIV + , were exposed to DAPM followed by bile duct ligation (BDL). Remarkably, in this model, 45% of the new biliary ductules expressed DPPIV, indicating that they were derived from MHs. 9 Nishikawa et al. showed that MHs convert to ductular cholangiocytes in collagen gel, and TNFα promoted the conversion. 61 Recent works using genetic lineage tracing demonstrated that MHs convert to cholangiocytes in injured livers. Yanger et al. labeled MHs in AAV8-Cre:ROSA-YFP mice by tamoxifen injection before inducing liver injuries and found robust expression of cholangiocyte markers, such as Sox9 and OPN, in hepatocytes around the portal veins in DDC-, CDE-, and BDL-injured mice. They also found cholangiocytes derived from hepatocytes incorporated into ductular structures. 10 Moreover, intrahepatic cholangiocarcinoma (ICC) was derived from MHs under simultaneous activation of Notch and Akt. 62 Another group showed that thioacetamide-induced ICC originated from hepatocytes, depending on activation of the endogenous Notch-Hes1 pathway. 63 Therefore, although it remains unclear if all or only part of MHs have the potential of converting into cholangiocytes, hepatocyte-to-cholangiocyte conversion is one of the intrinsic mechanisms for supplying cholangiocytes under chronic liver injury.
Nevertheless, the efficiency of the conversion needs to be elucidated. Yanger et al. provided a quantitative study demonstrating that approximately 4% of the ductular cells were derived from hepatocytes, 10 whereas Malato et al. did not identify cholangiocytes derived from hepatocytes. 29 We also found cholangiocyte-like cells derived from hepatocytes in Mx1-Cre:ROSA mice fed with the DDC-diet. In our experiments, approximately 2% of the CK19 + ductular cells were derived from hepatocytes (our unpublished data). These results indicate that most of the hepatocytes expressing some of the cholangiocyte markers stay in a "biphenotypic status" without completely converting to cholangiocytes. Therefore, the difference between complete and "partial" hepatocyte-to-cholangiocyte conversion needs to be assessed and is probably associated with protection of liver tissue from chronic injuries.
Yanger et al. further demonstrated that ectopic activation of the Notch signal induced hepatocyte-to-cholangiocyte conversion. 10 They also provided evidence that this process was impaired in mice lacking RBPJκ, which is an essential factor of Notch signaling, suggesting that the Notch pathway is involved in hepatocyte-to-cholangiocyte lineage conversion. It is well known that the Notch signal induces hepatoblasts to differentiate into cholangiocytes in fetal livers. Given that MHs respond to Notch in a similar manner to hepatoblasts, MHs may possess great differentiation plasticity. However, it should be noted that direct interaction between ligand-and receptor-expressing cells is crucial to activate the Notch signaling pathway. Both in developing and injured livers, periportal fibroblasts are considered to be the main source of Jagged-1 (insets of Figs. 1 and 2) . Therefore, the intrinsic Notch pathway may be activated in hepatocytes near the portal triads, in which MHs can convert to cholangiocytes. It should also be noted that many "biphenotypic cells" are sustained and do not completely convert into cholangiocytes, at least in DDC-injured livers (Fig. 2) . Even in extended injury, numerous biphenotypic cells co-expressing Sox9 and HNF4α were observed in the area dissociating from the periportal mesenchymal layer. This raises the possibility that soluble factors are involved in this "partial lineage conversion" in addition to the Notch pathway. Interestingly, in the rat model with the combination of BDL and repeated DAPM administration, a significant number of hepatocytes converted into cholangiocytes, where expression of TGFβ was remarkably increased. 64 In mice, at least in vitro, Sox9 expression increased by TGFβ, 23, 65 suggesting that TGFβ is a candidate to induce such a transition in chronically injured livers.
Concluding Remarks
Adult residential LPCs have been enriched in cellular fractions positive for cholangiocyte markers. However, physiological roles of residential LPCs in normal liver are controversial. In contrast, LPCs supply MHs in livers suffering from continuous damage. A specific population of cholangiocyte marker + cells that show LPC properties in vitro are likely activated and involved in supplying MHs and cholangiocytes in damaged livers. Alternatively, it is still possible that cholangiocytes, which are next to niche inducing "stemness," turn to LPCs in injured livers. To identify which is the case, it is necessary to demonstrate heterogeneity of cholangiocyte marker + cells within liver tissue. LPCs are involved in tissue repair in chronically injured livers, though they supply different lineage cells depending on types of injury. 30, 55 They mainly supply cholangiocytes in DDC-and BDL-injured livers, whereas LPCs supply hepatocytes in CDEinjured livers. We recently found that the ratio of bipotential and cholangiocytic colonies derived from the EpCAM + fraction was different among these three models. EpCAM + cells derived from BDL-injured livers mostly formed cholangiocytic colonies, whereas those from CDE-livers formed a significant number of bipotential colonies (our unpublished data). Therefore, there is a possibility that each niche determines the differentiation preference of LPCs as well as their proliferative capability. If we distinctively identify signals inducing and expanding LPCs and those determining the preference of differentiation, it may be possible to isolate cholangiocyte marker + LPCs, expand them, and then determine the direction of differentiation to acquire a sufficient number of functional hepatocytes that can be used for drug screening and cell transplantation.
Recent results demonstrating hepatocyte-to-cholangiocyte conversion shed light on the remarkable plasticity of MHs.
Moreover, mechanical insights gave us crucial information; signals important for LPC activation and differentiation potentially affect the status of MHs. For example, the Notch pathway is involved in cholangiocyte differentiation of LPCs as well as hepatocyte-to-cholangiocyte conversion. 10, 55 Many soluble factors, including HGF, FGF7, and Wnt3a, which are involved in LPC responses, 55, 66, 67 may be able to regulate the differentiation status of MHs. LPCs greatly contribute to expansion of ductular structures in BDL-and DDC-injured livers. However, in these livers, MHs are also damaged and need to be compensated. Because the direction of LPC differentiation is mostly limited to the cholangiocyte lineage in these injured livers, other compensatory mechanisms may work to supply new hepatocytes. It should be noted that hepatocytes with a biphenotypic status, which are characterized with an increase in expression of some cholangiocyte markers as well as a decrease in MH markers, are abundant in DDC-and BDL-injured livers.
The biphenotypic cells can proliferate and efficiently re-acquire hepatocyte functions in vitro (our unpublished data). This raises the possibility that biphenotypic hepatocytes may be able to supply MHs more efficiently than LPCs. Interestingly, recent studies investigating regulatory mechanisms suggest a possibility that the Notch pathway simultaneously induces LPC expansion and hepatocyte-to-cholangiocyte conversion at least in DDCinjured livers (inset of Fig. 2) . 10, 55 It is important to understand how different pathways of epithelial cell supply are coordinated for maintenance of liver functions and cellular homeostasis in response to many types of liver injuries. Such information is crucial to understand chronic liver diseases where the balance between LPC activation and MH plasticity may be deteriorated.
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